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Abstract 

Herein, we present and compare our spectroscopic results 
on femtosecond (fs) laser irradiated polymers Poly Methyl 
Methacrylate (PMMA), Poly Di Methyl Siloxane (PDMS) 
with crystal media such as Lithium Niobate (LiNbOs). 
Dependence of the structure width with irradiation dose and 
scan speed is illustrated. Keldysh parameter calculations are 
highlighted to describe the dominant ionization process. 
Formation of micro-craters at low irradiation dose and high 
scan speed is analyzed through minimal pulse to pulse 
overlap. Formation of defects such as optical and 
paramagnetic centers in case of polymers is compared with 
the absence of such defects in crystal media. Confocal micro- 
Raman studies carried out on polymers and crystal are 

presented. 
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Introduction 

Fs laser direct writing is a unique tool for fabrication 
of micro and nano-structuration of transparent 
materials as it provides short pulse duration but at the 
same time sufficient fluence to overcome the damage 
threshold of the targets [1]. Since the interaction of 
these fs pulses with transparent material is nonlinear, 
the energy deposited by a focused fs pulse is confined 
inside the focal volume. This results in a sub- 
micrometer structuring of materials which finds 
application in various fields [2-9]. A variety of 
materials including metals, dielectrics, polymers, and 
semiconductors have been successfully processed by 
with fs pulses [10-15]. 

Experimental Results 

Bulk samples of PMMA were purchased from 
Goodfellow, USA. PDMS was home made. These 
samples were cut into 1 cm * 1 cm dimensions and 



sides were polished. X cut LiNbOs was used in our 
experiments. Before microfabrication experiments 
were carried out, these samples were sonicated in 
distilled water to remove unwanted dust. 
Microstructures, and 2-dimensioal grids (for ESR 
analysis) were fabricated using a Ti: sapphire oscillator 
amplifier system operating at a wavelength of 800 nm 
delivering -100 fs pulses, ~1 mj output energy pulses 
with a repetition rate of 1 kHz. The near-transform 
nature of the pulses was confirmed from the time- 
bandwidth product. Three translational stages 
(Newport) were arranged three dimensionally to 
translate the sample in X, Y, and Z directions. Laser 
energy was varied using the combination of half wave 
plate and a polarizer. We have used 40X (Numerical 
Aperture (NA) of 0.65) and 20X (NA of 0.4) 
microscope objectives in our experiments for focusing. 

Three different sets of experiments were performed 
using 40X microscope objective. In set 1, structures 
were fabricated at 1 mm/s speed while in set 2, 
structures were fabricated at 0.5 mm/s speed. In set 3, 
energy used was kept constant while the scanning 
speed was changed. All these three sets were carried 
out below 300 |am from the surface of the LiNbOs X- 
cut crystal using 40X microscope objective lens. 
Figures 1 (a) and 1 (b) show the confocal microscope 
images of two structures fabricated at 100 and 50 |aj 
energies at 1 mm/s speed using 40X microscopic 
objective lens. As it can be seen clearly, the structures 
fabricated become smoother and narrower at low 
energies (fluences). Only central portion of the 
incident fs laser Gaussian pulse leads to damage of the 
material as the fluence exceeds the damage threshold 
of the material. This aspect is clearly depicted from the 
confocal microscope images depicted in Figure 1. 
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FIG. 1 CONFOCAL MICROSCOPE IMAGES OF A STRUCTURE 
FABRICATED WITH 1 MM/S SPEED WITH 40X MICROSCOPE 
OBJECTIVE LENS AT ENERGY OF (A) 100 \ij (B) 50 |aj 



Figure 2 (a) shows the confocal microscope image of 
structures fabricated at different energies with 0.5 
mm/s speed. Figure 2 (b) shows a confocal microscope 
image of a structure fabricated at 635 nj energy. From 
figure 2 (a), it can be inferred that there is a reduction 
in structure width with decrease in energy. Structures 
fabricated at low energies were found to be smooth as 
indicated in figure 2 (b). Structure widths and energies 
used for fabricating set 1 and set 2 are plotted in figure 
2 (c). An increment in structure width is found with 
energy in each set and structures fabricated in set 2 
with scanning speed 0.5 mm/s are found to be having 
more width when compared with set 1 at the same 
energy. As scanning speed is reduced, material is 
exposed to the laser for a longer period leading to an 
increase in the structure width. 
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FIG. 2 CONFOCAL MICROSCOPE IMAGE OF (A) 
MICROSTRUCTURES FABRICATED AT 0.5 MM/S SPEED. LEFT 

EXTREME STRUCTURE IS FABRICATED AT 100 |aj ENERGY. 
LEFT TO RIGHT, ENERGY IS DECREASING. SPEED IS 0.5 MM/S. 

(B) THE STRUCTURE FABRICATED AT 635 NJ ENERGY. (C) 
PLOT OF STRUCTURE WIDTH VERSUS ENERGY FOR SET 1 AND 

SET 2. 



Figure 3 (a) shows confocal microscope images of set 3 
structures fabricated at a particular energy of 40 |aj 
with different writing speeds as 0.1, 0.2, 0.5, 0.8, 1, 2, 4, 
6, 8 and 10 mm/s (from left to right). Figure 3 (b) 
shows confocal microscope image of a structure 
fabricated at 4 mm/s speed, which clearly shows the 
formation of pearl like structure (formation of 
microcraters). This phenomenon was observed from 2 
mm/s speed to higher scanning speeds. There is 
monotonous decrease in structure width with 
increasing writing speeds. Formation of 'pearl like' 
structure can be attributed to the reduction in number 
of incident pulses on the material at higher writing 
speeds as pulse to pulse overlap is minimal at higher 
scanning speeds. Figure 3 (c) shows a plot of structure 
width with scanning speed of the translation stage. 
Structure width can be changed by either continuous 
modifications or a chain of pulses depending on 
energy and scan speeds. From figure 3 (c), it is clear 
that structure width starts decreasing at high scan 
speeds as exposure at a spot in the material is reduced. 
Similar structures were also fabricated in PMMA and 
PDMS polymers. 

The bandgap of LiNbOs is 3.75 eV [16-17] and for 
PMMA and PDMS, it is 4.58 and 2-2.84 respectively 
[18-19]. Since the polymers (PMMA and PDMS) and 
LNB crystal under investigation are transparent to 
UV- Visible light, we cannot process these materials by 
linear absorption mechanisms. Also these materials do 
not posses any absorption in near IR around 800 nm 
wavelengths that we used to fabricate the structures. 
Each 800 nm photon carries 1.55 eV energy. This 
implies that nonlinear absorption process is an 
essential tool to create modification in these materials. 
Minimum three photons are required for modification 
of these materials. As 800 nm lasers is focused to a 
spot size of 1.5 and 2.44 |am respectively for 40X and 
20X objective lenses, it is easy to achieve nonlinear 
modification in these materials. In addition to the 
three photon absorption process, Keldysh parameter is 
used to estimate the dominant mechanism responsible 
for ionization process [20-23]. In the present study, it is 
tunneling ionization which is mainly responsible for 
the modification process as Keldysh parameter is less 
than 1.5 [20-21]. Figure 3 (d) shows the plot of peak 
intensity versus Keldysh parameter. Peak intensities 
are calculated for energies ranging from 0.46-100 
For all these energies, Keldysh parameter is still less 
than 1.5. The fabricated structures in LNB crystal were 
found to be having less width when compared with 
polymers as polymers are soft compared with crystals. 
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Also, the inorganic crystalline materials have higher 
damage thresholds. The ablation threshold of the 
lithium niobate crystal is 3.92 J/cm 2 [24] for single shot. 




FIG. 3 (A) CONFOCAL MICROSCOPE IMAGE OF 
MICROSTRUCTURES FABRICATED AT DIFFERENT SCAN 
SPEEDS WITH 40 |aj ENERGY. LEFT EXTREME STRUCTURE IS 
FABRICATED AT 0.1 MM/S SPEED. (B) PEARL LIKE STRUCTURE 
FABRICATED AT 40 \ij ENERGY, 4 MM/S SPEED. (C) PLOT OF 
STRUCTURE WIDTH WITH SCANNING SPEED. (D) PLOT OF 
KELDYSH PARAMETER WITH PEAK INTENSITY 

Interestingly, we found formation of various defects in 
these materials due to polymer chain breaking in 
polymer systems and formation of defect sites due to 
voids in case of lithium niobate (LNB) crystal. We 
found emission coming from the fabricated structures 
of polymers. Figure 4 (a) shows one of the structures 
fabricated in PMMA. In order to record emission, we 
fabricated gratings over a large area in PMMA and 
PDMS. Closely spaced lines were fabricated in PMMA 
using 40X microscope objective lens with energy of 10 
speed lmm/s, period 30 |am and in case of PDMS 
the energy used was 50 |aj with scan speed of 1 mm/s 
and the period of 10 |am. Figure 4 (b) shows the peak 
shift in PMMA with the excitation wavelength. This 
indicates that myriad optical centers were generated 
and suitably few particular optical centers were 
excited depends upon excitation wavelength used. 
Figure 4 (c) shows the excitation spectra at different 
monitoring wavelengths. Though one would expect 
shift in the excitation spectra, they all look similar. 
This is logical as all the optical centers formed are 
from the same monomer unit. The maximum 
absorption is around 367 nm which is ascribed as due 
to n — ► 7i* transition. These results were reported by 
our group earlier [25-34]. Similar studies are carried 



out in case of LNB crystal also. However, we have not 
observed any optical centers when excited in the 
visible spectrum. Most of the polymers contain active 
groups such as aldehyde, ketone groups etc which are 
responsible for the observation of emission after 
absorption. Absence of such active groups in 
crystalline media could be one reason for absence of 
emission after they are treated with fs pulses. 




Wavelength (nm) 

FIG. 4 (A) CONFOCAL MICROSCOPE IMAGES OF PMMA 
(GOODFELLOW). -20 |aM WIDE MICRO CHANNEL INSIDE THE 

BULK OF PMMA. (B) EMISSION SPECTRA AT DIFFERENT 
EXCITATION WAVELENGTHS (C) EXCITATION SPECTRA AT 
DIFFERENT MONITORING WAVELENGTHS 

Similar studies were extended to PDMS polymer also. 
Unlike PMMA polymer, we noticed sharp peaks with 
emission background as shown in figure 5 (a) with 
similar excitation spectra at different monitoring 
wavelengths depicted in figure 5 (b). Upon careful 
investigation, we found that the same PDMS polymer 
did not show any sharp peaks for excitation 
wavelengths below 400 nm. This is due to the 
matching of Raman modes with the emission bands. In 
case of PDMS, the excitation wavelengths at 300, 420, 
440 nm gave Raman peaks of PDMS with Raman 
mode of 3106 cm 4 which is CH stretching vibration 
mode [35]. Also excitations at 363, 458, 488, 514, 543 
nm gave two Raman modes of PDMS at 2907, and 
2965 cm 4 which are CH3 symmetric and asymmetric 
stretch modes [36]. Also, compared with PMMA, it is 
very clear in PDMS that sharp peaks appear on broad 
emission background which indicates the component 
of emission along with Raman signal. In the literature, 
researchers have reported red edge effect [37-46] 
which is prominent in the case of polymers and this 
could be the main phenomena for the shift of emission 
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peak with the excitation wavelength. As these 
polymers were irradiated, different chemical moieties 
or species or defect centers were formed due to 
polymer chain breaking and these defects exhibited 
red edge effect. Figure 5 (c) shows the plot of emission 
peak as a function of excitation wavelength for fs laser 
irradiated PMMA and PDMS. Also the role of 
transitions involved within the functional groups or 
active groups cannot be ignored as stated earlier. 
Figure 5 (d) represents a schematic involved in 
possible transitions involved within these groups. 

Apart from the presence of optical centers which are 
emissive, we also have examined the samples using 
electron spin resonance spectrometer (ESR) for the 
presence of 
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FIG. 5 (A) EMISSION SPECTRA OF FS LASER IRRADIATED PDMS 
AT DIFFERENT EXCITATION WAVELENGTHS (B) EXCITATION 

SPECTRA COLLECTED AT DIFFERENT MONITORING 
WAVELENGTHS FOR FS LASER IRRADIATED PDMS (C) PLOT 
OF RED EDGE EFFECT IN PMMA AND PDMS (D) SCHEMATIC 
REPRESENTATION OF POSSIBLE TRANSITIONS IN 
FUNCTIONAL GROUPS 
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FIG. 6 (A) ESR SPECTRUM OF IRRADIATED PMMA AT 50 \ij 
ENERGY, 1MM/S SPEED. (B) ESR SPECTRUM OF IRRADIATED 
PDMS AT 3, AND 6 \ij ENERGY AND A SPEED OF 1 MM/S 



paramagnetic defects. As pristine polymers are 
diamagnetic they did not show presence of any free 
radicals. Irradiated regions of PMMA and PDMS 
polymers showed ESR signal at the same magnetic 
field of 326 mT with 'g' value of 2 from which we 
predict the existence of peroxide type free radicals. 
PMMA illustrated decrease in ESR signal in few days 
of time while the PDMS showed ESR signal even after 
six months indicating that the free radicals are stable 
in this polymer. Here, the role of defects responsible 
for emission on paramagnetism is interesting. But, we 
found that the emission from the irradiated regions of 
polymers explained earlier did not vanish even one 
year after the exposure. This clearly suggests that the 
free radicals which contributed to ESR signal do not 
lead to the emission except in the case of PDMS. As in 
the case of PDMS, since we observed ESR signal even 
after several months, it may be possible that the same 
radicals exhibited the behaviour of emission also along 
with paramagnetism. Graubner et. al has treated 
PDMS with 172 nm irradiation. They reported the 
abstraction of hydrogen (which is initial step) followed 
by reaction of methylene radicals with oxygen leading 
to peroxy radical formation. This peroxide radical 
rearranges to silanol group. We strongly feel that the 
silanol group is mainly responsible for its stability for 
long time [47]. Nie et al. [48] have reported typical 
characteristic 9 line spectrum of PMMA immediately 
after fs laser irradiation. However, our data depicted a 
single peak in the ESR spectra for PMMA, and PDMS 
since the experiment/irradiation was carried out in the 
atmospheric environment and at room temperature. 
Figure 6 (a) and 6 (b) show the same results in fs laser 
irradiated PMMA and PDMS. 

To carry out ESR analysis in case of LNB crystal, we 
fabricated gratings underneath and on the surface of 
the lithium niobate crystal. Energy used was 100 uj 
with 40 X microscope objective and 1 mm/s as the 
scanning speed. Grating structure has 20 um period in 
between lines. In case of polymers we observed 
paramagnetic radicals in all orientations of the sample 
with respect to the direction of magnetic field (Parallel, 
Perpendicular and 45°). Since the properties of the 
crystals are anisotropic due to symmetry involved in 
the crystal structure, we observed orientation 
dependent ESR signal. Interestingly, pristine LNB 
crystal has also shown ESR signal when sample was 
(what crystal axis) oriented parallel to the magnetic 
field direction. Several reasons such as existence of 
defects, oxygen vacancies etc were reported earlier by 
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several groups that contribute towards ESR signal for 
pure LNB crystal [49]. Figure 7 (a) shows the ESR 
signals in three different orientations of the crystal 
with respect to the direction of magnetic field applied. 
Only parallel orientation of the crystal with respect to 
the magnetic field has shown the existence of 
paramagnetic radicals. Figure 7 (b) shows the results 
obtained with irradiated sample (for buried grating). 
Similar results were obtained, since the irradiated 
crystal also contains maximum volume of pure crystal, 
It has exhibited ESR signal in parallel configuration. 
Figure 7 (c) compares ESR signals of irradiated and 
unirradiated samples in parallel configuration. 
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peak broadening which is an indication of the 
formation of defects which could be optical centers 
and/or paramagnetic centers. 
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FIG. 8 (A) RAMAN SPECTRA FROM A PMMA GRATING (50 |aj, 
0.25 MM/S) WITH THE BOTTOM CURVE REPRESENTING THE 
SPECTRUM COLLECTED FROM UNMODIFIED REGIONS OF 
PMMA WHILE THE MIDDLE AND TOP CURVES FROM THE FS 

MODIFIED REGIONS. (B) MICRO-RAMAN SPECTRUM OF 
PMMA GRATING (~3 MJ, 500 MM/SEC) ACHIEVED WITH 0.65 
NA (40X) OBJECTIVE. THE CURVES HAVE BEEN SHIFTED FOR 
CLARITY. INSET SHOWS THE REGIONS FROM WHICH THE 
SPECTRA ARE COLLECTED 
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FIG. 7 ESR SIGNAL OF (A) UNIRRADIATED PURE LNB CRYSTAL 
IN DIFFERENT ORIENTATIONS (B) UNIRRADIATED PURE LNB 
CRYSTAL IN DIFFERENT ORIENTATIONS (C) IRRADIATED 
AND PURE CRYSTALS IN PARALLEL ORIENTATION 

We recorded confocal micro-Raman spectra also for fs 
laser irradiated polymers and LNB crystal. Figure 8 (a) 
and 8 (b) show the Raman spectra collected in 
different regions of the fabricated structures at high 
and low energies. Figure 8 (a) shows the Raman 
spectra recorded for a grating structure fabricated in 
PMMA with 50 0.25 mm/s speed using 40X NA 
objective lens. Figure 8 (b) shows Raman spectra 
collected from a PMMA grating fabricated at ~3 |aj 
energy with 500 |am/sec scanning speed with 0.65 NA 
(40X) objective lens. The bands in the region of 2800- 
3200 cm 4 correspond to vibrational bands of O-CH3 
and a-CH3 [50-51]. We recorded Raman spectra in the 
central portion and edge portion of the structure to 
compare with pristine regions of the polymer. In case 
of structures fabricated at high energies, we noticed 
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FIG. 9 (A) RAMAN PLOTS OF PRISTINE LNB AND MODIFIED 
REGIONS OF LNB (B): ENLARGED MODES OF Ai(TOi) AND 
Ai(TO 2 ) (C): ENLARGED RAMAN MODES OF Ai(TO 4 ) 

We carried out Raman analysis for the fabricated 
structures in LNB crystal. There were three main 
transverse optical phonon modes reported in the 
literature [52-59]. Figure 9 (a) shows the three phonon 
modes Ai((TOi), Ai((T0 2 ), and Ai((TO 4 ). Ai((TOi) 
phonon mode corresponds to the motion, along the z 
axis, of Ni ions against the O sub-lattice, while Li ions 
remain relatively static [56]. This mode is considered 
to be important and more sensitive to changes in Nb 
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sub-lattice. Spectral broadening and low frequency 
shifting can determine the Li/Nb content as Li content 
is locally reduced [54, 56-58]. Ai((T02) mode is related 
to displacements along z axis between Li and Nb ions 
while the O ions are stationary [54]. Ai((T04) mode 
corresponds to distortions of the octahedral only in xy 
plane. This mode has high relevance in assessing the 
compactness, and hence refractive index changes [52, 
54-56]. Raman spectral analysis is a powerful 
technique for the detection of local modifications in 
chemical composition, unit cell volume, ionic 
displacement, local disorder, and defects. We adapt 
some of the mechanisms leading to changes in Raman 
modes from the references found in [52-61]. Table 1 
shows various mechanisms and the Raman modes 
response in lithium niobate crystal. 



S. No. 


Mechanism 


Raman 
mode 
response 


Reference 


1 


Local 
environment 
densification 

and 
compressive 

stress 


Increase in 
phonon 
mode 
frequencies 
especially 
for Ai((T04) 


58 


2 


Reduction in 
the Li content 


Broadening 
of Raman 

modes 
especially 
for Ai((TOi) 
and Raman 
shift for 
Ai((TOi) 


54, 56-57 


3 


Reduction in 
spontaneous 
polarization 
due to large- 
scale defects 


Broadening 
of Raman 
modes and 
Reduction in 
Raman 
intensity 


59-61 


4 


Ionic 
rearrangement 


Changes in 
Raman shifts 


54,60 



We fabricated several structures in LNB crystal and 
carried out Raman analysis. Figure 9 (a) shows the 
Raman modes of LNB crystal. We collected Raman 
spectra for a structure fabricated at 100 |aj energy in 
middle and end regions and also for a structure 
fabricated at 40 |aj energy with 0.5 mm/s scanning 
speed and using 40X objective. In order to analyse the 
Raman modes, we enlarged figure 9 (a) and plotted in 
figure 9 (b) which shows the changes in Raman 
intensities of Ai(TOi) and Ai(TO2) modes. Though 
there is a slight shift of 1 cm 4 for the structure 
fabricated at 100 |aj with pristine region, it cannot be 



accounted for reduction in the Li content as the 
spectral resolution of the instrument we used is ±1 cm- 
1 . These results show that there is only Raman 
intensity change from figures 9 (b) and 9 (c). This 
could be due to lattice deformity leading to creation of 
defects. 

From the Raman spectra recorded for pristine and 
modified regions, we observe a decrease in the Raman 
intensity for all the three transverse optical phonon 
modes which could be due to the formation of defects 
and voids because of large intensities associated with 
high energy fs pulses. However, these defects did not 
exhibit properties of emission like optical centers in 
polymer media and para-magnetism described earlier. 

Conclusions 

We reported spectroscopic properties of fs laser 
irradiated polymers and LNB crystal. In case of 
polymers we observed emission from the fs laser 
modified regions and it is found to be shifting with the 
excitation wavelength due to various transitions 
involved in functional groups and red edge effect. 
Also these materials exhibited paramagnetism upon fs 
laser irradiation unlike LNB crystal. Confocal micro- 
Raman studies revealed broadening in case of 
polymers which is an indication of the presence of 
radicals and or defects which are confirmed through 
emission and ESR studies. Fs laser irradiated LNB 
crystal also showed the presence of defects but they do 
not exhibit the properties of emission and 
paramagnetism (like polymer media) due to absence 
of functional groups. 
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